survival in this population has occurred at the cost of higher rates of neurological disability.
To address these existing gaps in knowledge, we examined trends in survival and neurological disability in children with an in-hospital cardiac arrest using data from a large, national, hospital-based clinical registry. A better understanding of trends in survival after pediatric in-hospital cardiac arrest would provide an informed assessment of ongoing quality improvement efforts in pediatric cardiopulmonary resuscitation and lay the foundation for monitoring future improvements in care.
Methods

Data Source and Study Population
Our study patients were derived from Get With The Guidelines-Resuscitation (GWTG-Resuscitation), formerly known as the National Registry of Cardiopulmonary Resuscitation. This is a large, hospital-based, clinical registry of in-hospital cardiac arrests that has been enrolling patients since January 2000. Its design has been previously described in detail. 10 Briefly, the registry enrolls patients with a pulseless cardiac arrest, defined as the absence of a palpable central pulse, apnea, and unresponsiveness in children without do-not-resuscitate orders in whom a resuscitation effort is attempted. Although data on children who received cardiopulmonary resuscitation for bradycardia and hypotension are also collected, these were not included because they did not meet our study definition of cardiac arrest.
To ensure that consecutive cardiac arrest patients are enrolled, multiple case-finding methods are used. These include centralized collection of cardiac arrest flow sheets, review of hospital page system logs, and routine checks of code carts, pharmacy tracer drug records, and hospital billing charges for use of resuscitation medications. The registry uses Utstein-style definitions, which are a standardized template of reporting guidelines developed by international experts, for defining clinical variables and outcomes. 11 Data completeness and accuracy in GWTG-Resuscitation are ensured by rigorous training and certification of study personnel, a periodic reabstraction process, and use of standardized software with internal data checks. The American Heart Association oversees the entire process of data collection, analysis, and reporting through its national center staff, clinical working group, and Executive Database Steering Committee.
Study Population
Between January 1, 2000, and November 19, 2009, we identified 2555 patients who were ≤18 years of age with an index in-hospital cardiac arrest ( Figure 1 ). We excluded 13 patients with missing information on survival. We also restricted our sample to cardiac arrests occurring in inpatient locations (eg, intensive care units, including pediatric and neonatal units; inpatient wards; and labor and delivery) and excluded cardiac arrest patients from emergency departments, operating rooms, and procedural suites because of the distinct clinical circumstances and outcomes with cardiac arrest in these locations (n=636). Because we were interested in examining trends in survival over time, we also excluded 875 patients from 183 hospitals with <3 years of data submission or low cardiac arrest volume (<5 cases per year). Our final sample comprises 1031 patients from 12 hospitals.
Study Outcome Measures
The primary outcome was survival to discharge. To better understand which specific phase of resuscitation care was associated with temporal improvement in survival, we also examined, as secondary outcomes, acute resuscitation survival, defined as return of spontaneous circulation for ≥20 minutes after the initial pulseless arrest, and postresuscitation survival, defined as survival to hospital discharge among patients who survived the acute resuscitation. Finally, to confirm that any temporal trend in survival was clinically important, we 
WHAT IS KNOWN
• Cardiac arrest events in hospitalized children are associated with poor survival. • Although efforts over the past decade have been targeted toward improving the quality of resuscitation care in hospitals, it remains unknown whether pediatric in-hospital cardiac arrest survival has improved with these efforts.
WHAT THE STUDY ADDS
• Overall survival in children with an in-hospital cardiac arrest has improved nearly 3-fold over the past decade. • This improvement in cardiac arrest survival has occurred in all age categories (neonates, toddlers, and older children). • Importantly, the improvement in pediatric in-hospital cardiac arrest survival has not occurred at the expense of worsened neurological disability among surviving children.
also examined rates of significant neurological disability among survivors. This was done using previously developed pediatric cerebral performance category (PCPC) scores. 12 , and use of a hospitalwide cardiopulmonary arrest alert. Finally, because hospitals began participation in the registry at different years, we adjusted for the numerical year of hospital participation (eg, first, second) for each arrest to confirm that any observed calendar-year trend was independent of the duration of hospital participation in the registry.
Statistical Analyses
We evaluated changes in baseline characteristics by calendar year using Mantel-Haenszel test of trend for categorical variables and linear regression for continuous variables. To assess whether survival to discharge has improved over time, we determined risk-adjusted rates of survival for each calendar year. To accomplish this, we constructed multivariable logistic regression models using generalized estimation equations with an exchangeable correlation matrix to account for clustering of patients within hospitals. Because survival rates exceeded 10%, we estimated rate ratios (RRs) with modified Poisson regression with robust variance estimates at all steps. 14, 15 Our independent variable, calendar year, was included in the model as a categorical variable, with year 2000 as the reference year. To derive risk-adjusted rates of survival, we then multiplied the adjusted RRs for each subsequent year (2001 through 2009) with the survival rate of the reference year (2000) . We also evaluated calendar year as a continuous variable in the model to obtain adjusted RRs for year-over-year survival trends.
Variables for model inclusion were selected on the basis of clinical and statistical criteria. All variables with a significant unadjusted association with the outcome (P<0.10) were included in the models, as well as the following variables chosen a priori regardless of statistical significance: age, sex, race, hospital location of arrest, initial cardiac arrest rhythm, and numerical year of hospital participation. Similarly, we constructed multivariable models using the approach above for the secondary end points of acute resuscitation and postresuscitation survival. We also examined whether survival trends were similar within important patient subgroups (age groups, sex, and whether initial rhythm was treatable by defibrillation or not) by including an interaction term with calendar year. Finally, we explored whether the use of ECPR was a mediator of improved survival trends over time by comparing the adjusted RRs for calendar year derived from models that included and excluded ECPR as a variable. These analyses were performed separately for overall survival, acute resuscitation survival, and postresuscitation survival.
Overall rates of missing data were low, except for prearrest PCPC scores (missing in 19.8%). These data were assumed to be missing at random and were imputed by the use of multiple imputation with IVEware software. 16 Results with and without imputation were not meaningfully different, so only the former are presented. All statistical analyses were conducted with SAS version 9.1.3 (SAS Institute, Cary, NC), IVEware (University of Michigan, Ann Arbor, MI), and R version 2.6.0 (Free Software Foundation, Boston, MA). All tests for statistical significance were 2 tailed and were evaluated at a significance level of 0.05. The Institutional Review Board at the University of Iowa waived the requirement for informed consent.
Results
Our study included 1031 pediatric in-hospital cardiac arrests from 12 hospitals. Of the participating hospitals, all were urban teaching hospitals with a pediatric residency or fellowship program ( Table I in the online-only Data Supplement).
The initial cardiac arrest rhythm was asystole or PEA in 874 children (84.8%) and VF or pulseless VT in 157 children (15.2%). Table 1 shows trends in patient characteristics over time. The proportion of cardiac arrests caused by PEA increased from 26.6% during 2000 to 2003 to 70.3% during 2007 to 2009, resulting in an overall increase in the proportion of cardiac arrests resulting from nonshockable rhythms over time (P for trend <0.001; Figure 2 ). The proportion of the study cohort who were newborns increased over time, whereas the proportion of children >5 years of age decreased (P for trend <0.001; Table 1 ). There was also a decrease over time in patients with baseline depression in neurological status, an acute nonstroke neurological event, respiratory insufficiency, and preexisting or concurrent heart failure (P for trend <0.001 for all). In contrast, the proportion of patients with an arrest in an intensive care unit, on mechanical ventilation, or receiving intravenous vasoactive agents at the time of cardiac arrest increased over time (P for trend <0.05 for all).
Survival to Discharge
During the study period, 359 children with in-hospital cardiac arrest (34.8%) survived to hospital discharge, with an increase in the unadjusted survival rate over time in the overall cohort ( Table 2 ) and by initial rhythm (Table 3 ). After adjusting for differences in patient characteristics, we found a significant improvement in overall survival to discharge (risk-adjusted rates: 14.3% in 2000, 43.4% in 2009; adjusted RR per year, 1.08; 95% confidence interval, 1.01-1.16; P for trend=0.02; Table 4 ). Temporal trends in survival were similar between age groups (<1 month, 1 month to 5 years, >5 years), as well as by sex (male versus female) and initial cardiac arrest rhythm (VF and pulseless VT versus asystole and PEA; P for all interactions >0.40; Figure 3 and Table II in the online-only Data Supplement). Notably, duration of hospital participation in the registry was not significantly associated with overall survival (P=0.36; Table III in the online-only Data Supplement).
Secondary Outcomes
The increase in overall survival over time was accompanied by a significant improvement in acute resuscitation survival, which increased from 42.9% in 2000 to 81.2% in 2009 (adjusted RR per year, 1.04; 95% confidence interval, 1.01-1.07; P for trend=0.006; Table 4 ). Rates of postresuscitation survival similarly increased over time ( Table 2) , but this finding was not significant in adjusted analyses (P for trend=0.17; Table 4 ). Data on neurological disability were missing in 61 survivors (17%). Although the number of survivors was small, unadjusted rates of neurological disability did not change significantly during the study period (P for trend 0.32; Table 2 ). 
Use of ECPR
Discussion
We found that overall survival in children with an in-hospital cardiac arrest has increased nearly 3-fold during the past decade, despite an increase in cardiac arrests resulting from nonshockable rhythms. This improvement was mediated by higher rates of survival during the acute resuscitation period and was not accompanied by increased rates of significant neurological disability among survivors. Our results highlight the substantial progress that has occurred in pediatric resuscitation care in hospitals over the past decade. Unadjusted rates for survival to discharge, acute resuscitation survival, postresuscitation survival, and significant neurological disability are reported for the overall cohort by calendar year. *Acute resuscitation survival was determined by the number of patients with return of spontaneous circulation for at least 20 minutes divided by the number of patients with cardiac arrest.
†Postresuscitation survival was determined by the number of patients with acute resuscitation survival who survived to hospital discharge divided by the number surviving the acute resuscitation.
‡Neurological disability in survivors. Neurological disability was defined as the proportion of patients surviving to hospital discharge with a pediatric cerebral performance category (PCPC) score of >3 (ie, at least severe neurological disability). Discharge PCPC scores were missing in 17% of survivors. To the best of our knowledge, this is the first study that has documented improved survival over time in children with an in-hospital cardiac arrest. Most of the earlier studies of pediatric in-hospital cardiac arrest were single center and retrospective in nature with only a few years of data collection, thus precluding a trend analysis. 1, 2, 8, 9 Although indirect comparisons with studies done in the 1980s may suggest that cardiac arrest survival in hospitalized patients has improved, differences in inclusion criteria (eg, inclusion of pediatric trauma patients), definitions of cardiac arrest (eg, inclusion of patients with bradycardia), and changing patient and cardiac arrest characteristics over time make these comparisons difficult to interpret. 8, 9 The larger size, scope, and high quality of data within GWTG-Resuscitation, along with its use of standardized Utstein-style definitions for variables, allowed us to perform an evaluation of survival trends in children to address an important knowledge gap in pediatric in-hospital resuscitation.
We found that the marked improvement in survival was driven largely by a temporal improvement in rates of acute resuscitation survival. A number of factors may have played an important role in achieving these trends. First, clinical practice guidelines over the past decade have emphasized several aspects of the acute resuscitation survival chain. 17 These include greater vigilance and closer monitoring, which may have resulted in shorter response times. In fact, we found that over time, a higher proportion of patients were located in a monitored unit or an intensive care unit at the time of cardiac arrest, which may have allowed earlier recognition of cardiopulmonary compromise and prompt initiation of resuscitation efforts. This might also explain the temporal increase in nonshockable rhythms resulting from PEA that was observed in our study. Second, it is possible that hospital-specific quality improvement efforts may have led to improved survival over time. Initial studies suggest improved patients outcomes with the use of routine mock codes in pediatric hospitals, audiovisual feedback during resuscitation, and postevent debriefing. [18] [19] [20] Additional resuscitation factors such as availability of trained personnel, quality of chest compressions (eg, depth, rate) with minimal interruptions, better adherence to resuscitation algorithms, and improved coordination between code team members may have played an important role. Unfortunately, data on these aspects of resuscitation process and quality are difficult to assess accurately and are not collected within GWTG-Resuscitation, limiting our ability to examine their impact on survival. Third, although the success of ECPR in salvaging cardiac arrest patients who otherwise face imminent death because of failure of standard resuscitation efforts has been described, 7, 21 we found that benefit was limited to acute resuscitation survival without a significant impact on overall survival to discharge. Furthermore, an increase in the use of ECPR did not account for the temporal trends in cardiac arrest survival in this study.
It is possible that improvements in postresuscitation care have also contributed to increased survival over time in this population. Although our risk adjustment models did not detect a significant improvement in postresuscitation survival over time, these analyses were likely underpowered because only patients who survived the initial resuscitation are eligible for this analysis. An important finding of our study was the notable reduction in the proportion of cardiac arrests caused by VF and pulseless VT over time. These rhythms are with the corresponding RRs for 2001 through 2009 from a model evaluating calendar year as a categorical variable. Rates are adjusted for age groups, sex, race, initial cardiac arrest rhythm, heart failure this admission, heart failure before admission, hypotension/hypoperfusion, respiratory insufficiency, baseline depression in central nervous system function, acute central nervous system nonstroke event, pneumonia, assisted/mechanical ventilation, use of vasoactive agents, use of extracorporeal membrane oxygenation during resus citation, hospital location, use of a hospitalwide response, and years of participation in the registry.
†Acute resuscitation survival was determined by the number of patients with return of spontaneous circulation for at least 20 minutes divided by the number of patients with a cardiac arrest.
‡Postresuscitation survival was determined by the number of patients with acute resuscitation survival who survived to hospital discharge divided by the number surviving the acute resuscitation. Although the exact mechanisms behind this changing epidemiology of cardiac arrest rhythms are not clear, it is possible that greater use of minimally invasive approaches in repair of congenital heart disease, advances in intraoperative management of children undergoing cardiac surgery with reduction of ischemia time, and better postoperative management of surgical patients have resulted in a reduction of VF and pulseless VT rhythms in this population. 22, 23 At the same time, increasing severity of noncardiac illness in pediatric intensive care unit patients may have led to an increase in the proportion of cardiac arrests resulting from nonshockable rhythms, especially PEA. In our analyses, we explicitly accounted for the above temporal shifts in cardiac arrest rhythms, given that survival resulting from VF and pulseless VT rhythms is better than survival resulting from asystole and PEA arrest rhythms. 3 It may be argued that an improved temporal trend in survival simply represents a decrease in baseline risk over time. However, our data suggest a more complex picture. Although some factors that are associated with in-hospital mortality decreased over time (eg, previous and concurrent heart failure, worse baseline neurological function), other factors associated with a poor prognosis increased over time (eg, cardiac arrest caused by nonshockable rhythms, use of mechanical ventilation, and use of intravenous vasoactive agents before cardiac arrest). Importantly, we adjusted for these variables in our multivariable models to control for potential confounding.
Although it is encouraging to note that in-hospital cardiac arrest survival has improved substantially over the past decade, several questions remain unanswered. First, it is unknown to what extent improved survival trends have occurred at the hospital level and whether this trend is consistent across all hospitals. Future studies are needed to examine hospital variation in survival trends. Second, the specific factors that are associated with improvements in hospital survival rates remain unknown. They may include nonstructural hospital characteristics such as timeliness and quality of resuscitation, teamwork, hospital leadership and culture, care coordination, and innovative quality improvement initiatives. Ultimately, a better understanding of practices and interventions at hospitals that achieve superior outcomes with in-hospital resuscitation will likely require a mixed-methods approach using data from detailed site interviews and quantitative surveys. Once identified, these best practices can be disseminated to all hospitals and measured to ensure that they lead to improved resuscitation outcomes. 24 Our study should be interpreted in the context of the following limitations. First, although the rich data in GWTG-Resuscitation allowed us to adjust for a number of variables in our models, the potential for residual confounding remains. Second, data on specific resuscitation variables (eg, quality of chest compressions), treatments (eg, use of hypothermia), and hospital facility characteristics (eg, number of pediatricians, quality improvement efforts) were not available, precluding an assessment of their potential impact on improved survival over time. Third, given the smaller sample size and high rates of missing data (17%), we were able to examine only unadjusted trends in rates of neurological disability. Therefore, our findings on this secondary outcome should be interpreted with caution. Fourth, the size of our study sample did not allow us to compute risk-adjusted survival by calendar year within important patient subgroups (eg, initial cardiac arrest rhythm, monitored versus nonmonitored unit). Fifth, our study was limited to in-hospital survival, and information on long-term survival and neurological function was not collected within GWTG-Resuscitation. Sixth, we were unable to calculate cardiac arrest incidence rates because of a lack of information on the pediatric admission volumes of the hospitals. As a result, we are unable to examine how cardiac arrest incidence over time relates to survival trends. Finally, although this is the largest study to examine survival trends in pediatric in-hospital cardiac arrests, our study included 12 hospitals and 1031 patients. It is possible that hospitals participating in a quality improvement registry differ from nonparticipating hospitals in important ways, limiting the generalizability of our results.
Conclusion
In conclusion, we found that overall survival in children with an in-hospital cardiac arrest has improved substantially over the past decade without higher rates of significant neurological disability. Future studies are needed to identify which factors are responsible for the improvements in cardiac arrest survival in children. American Heart Association, which had no role in the study design, data analysis, or manuscript preparation and revision.
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